In adipose tissue, insulin controls glucose and lipid metabolism through the intracellular mediators phosphatidylinositol 3-kinase and serine-threonine kinase AKT. Phosphatase and a tensin homolog deleted from chromosome 10 (PTEN), a negative regulator of the phosphatidylinositol 3-kinase/AKT pathway, is hypothesized to inhibit the metabolic effects of insulin. Here we report the generation of mice lacking PTEN in adipose tissue. Loss of Pten results in improved systemic glucose tolerance and insulin sensitivity, associated with decreased fasting insulin levels, increased recruitment of the glucose transporter isoform 4 to the cell surface in adipose tissue, and decreased serum resistin levels. Mutant animals also exhibit increased insulin signaling and AMP kinase activity in the liver. Pten mutant mice are resistant to developing streptozotocin-induced diabetes. Adipose-specific Pten deletion, however, does not alter adiposity or plasma fatty acids. Our results demonstrate that in vivo PTEN is a potent negative regulator of insulin signaling and insulin sensitivity in adipose tissue. Furthermore, PTEN may be a promising target for nutritional and/or pharmacological interventions aimed at reversing insulin resistance.
Insulin controls metabolism by modulating the uptake and utilization of glucose and lipids in target organs, such as adipose tissue, skeletal muscle, and liver. Glucose homeostasis is, in part, regulated by the insulin-stimulated uptake of glucose in adipose tissue (1, 30, 41, 56) . Aberrant glucose uptake due to insulin resistance is a key pathogenic feature of type 2 diabetes mellitus (T2DM).
In order to understand glycemic control and the molecular mechanisms responsible for T2DM, significant focus has been placed on the study of insulin signaling. Signaling of insulin through its cell surface receptor (insulin receptor [IR] ) and downstream substrates (IRS isoforms) has been highlighted in recent genetically engineered mouse models (5) . These studies emphasize the importance of insulin signaling in the control of glycemia and demonstrate the intricacies involved in glucose metabolism. In order to compensate for some of the developmental defects and complications of whole-body disruptions of insulin signaling (2, 29, 31, 60, 66, 73) , deletions of IR, IRS isoforms, glucose transporter isoform 4 (GLUT4), and other key glucose-metabolic genes have been studied (for a review, see reference 46) . These studies suggest that the disruption of insulin signaling in certain organs is detrimental to the control of glycemia but that in other organs this disruption may be compensated for.
The binding of insulin to IR leads to the activation of the phosphatidylinositol 3Ј-kinase (PI3K) pathway. Defects in PI3K signaling have been demonstrated in T2DM (9, 28) . Protein phosphatases that inhibit the insulin/PI3K pathway, such as PTP1B, have been targets for intervention therapies (26) . Disruption of the PTP1B gene in mice has proven to be beneficial in the regulation of insulin sensitivity and body adiposity as well as energy metabolism (14) . Similar to PTP1B, phosphatase and a tensin homolog deleted from chromosome 10 (PTEN) (also known as MMAC1 or TEP1) (35) inhibits insulin signaling and antagonizes PI3K-mediated signaling by dephosphorylating phosphatidylinositol-3,4,5-triphosphate (PIP 3 ), the product of PI3K (39) . A common result of insulin stimulation and elevated PIP 3 levels is the phosphorylation and activation of serine-threonine protein kinase B (PKB/AKT). Activated AKT plays a significant role in glycolysis, gluconeogenesis, protein synthesis, and adipogenesis (7, 13) . Mice lacking Akt2, an isoform highly expressed in adipose tissue, demonstrate insulin resistance, hyperglycemia, and hyperlipidemia, findings characteristic of T2DM (10, 19) .
AKT activation is a hallmark of PTEN loss and elevated PIP 3 levels (22, 47, 52, 62) . Previously, we targeted disruption of the Pten gene in hepatocytes and demonstrated that a lack of PTEN in liver improves insulin sensitivity and alters lipid metabolism in mutant mice (63) . Partial attenuation of PTEN activity by expressing an antisense oligonucleotide in adipose tissue and liver also reverses hyperglycemia in ob/ob mice and suppresses hyperglycemia in db/db mice (8) . In addition, increased Pten expression was observed in the soleus muscles of diabetic obese Zucker rats (37) .
Adipose tissue is increasingly viewed as an active endocrine organ with a high metabolic activity. Adipocytes produce and secrete several proteins, collectively called adipocytokines. These adipocytokines act as veritable hormones responsible for the regulation of insulin sensitivity as well as energy intake and expenditure. These include resistin, adiponectin, leptin, tu-mor necrosis factor alpha (TNF-␣), interleukin 6 (IL-6), angiotensinogen, and plasminogen activator inhibitor 1 (18) . Leptin is one of the first adipocytokines identified from adipose tissue and affects feeding behavior (24, 50) . Adiponectin is suggested to play a role in energy balance by regulating AMP kinase, which converts AMP to ATP (74) . The levels of leptin and adiponectin are positively and negatively correlated with adipose tissue mass, respectively. Resistin is one of the newest members in this growing family of adipose hormones (61) . The level of resistin is positively correlated with insulin resistance. It is, however, not clear how resistin may cause insulin resistance.
In this study, we generated an adipose tissue-specific Pten knockout mouse to investigate the functional role of PTEN in insulin signaling in vivo. Our data suggest that PTEN deficiency in adipose tissue leads to decreased production of resistin. The reduction in resistin may be the major signal leading to changes observed in the liver in our adipose tissue-specific Pten deletion mice.
MATERIALS AND METHODS

Generation and maintenance of adipose tissue-specific Pten
؊/؊ mice. Targeted deletion of Pten in adipose tissue was achieved by crossing Pten loxP/loxP mice (34) with adipose tissue-specific fatty acid binding protein (aP2-Cre) transgenic mice (1). F 1 -generation compound heterozygous animals were backcrossed with Pten loxP/loxP mice to produce F 2 -generation experimental animals. Animals were genotyped by standard genomic PCR techniques (34) . Animals were housed in a temperature-, humidity-, and light-controlled room (with a cycle of 12 h of light and 12 h of dark) and allowed free access to a standard rodent chow diet containing 6% fat and water. All experiments were performed on 3-monthold males and were conducted according to the research guidelines of the UCLA Chancellor's Animal Research Committee.
Glucose and insulin tolerance tests. After overnight fasting, mice were injected intraperitoneally (i.p.) with either 2 mg of 30% D-glucose (Sigma, St. Louis, Mo.) per kg of body weight or 1 U of Humulin (Eli Lilly, Greenfield, Ind.) per kg of body weight. Blood glucose concentrations were measured as previously described (63) .
Plasma assays. After overnight fasting, mice were sacrificed and blood was sampled by intracardiac puncture. Plasma insulin, leptin, adiponectin, resistin, TNF-␣, and IL-6 concentrations were measured by the respective enzyme-linked immunosorbent assays (ELISAs) (insulin ELISA developed by Alpco, Windham, N.H.; leptin ELISA developed by Crystal Chem, Downers Grove, Ill.; adiponectin ELISA developed by B-Bridge International, Inc., Sunnyvale, Calif.; resistin ELISA developed by BioVendor Laboratory Medicine, Inc., Brno, Czech Republic; TNF-␣ ELISA developed by Assay Designs, Inc., Ann Arbor, Mich.; and IL-6 ELISA developed by R&D Systems, Inc., Minneapolis, Minn.). Plasma triglyceride and nonesterified fatty acid (NEFA) concentrations were determined using colorimetric assays provided by Sigma and Wako Chemicals (Richmond, Va.), respectively.
Total body fat analysis. Regional fat distribution was assessed by gross dissection of individual fat pads (mesenteric, retroperitoneal, inguinal, and epididymal). Paired fat pads were weighed, and the adiposity index [adiposity index ϭ total fat pad weight/(body weight Ϫ total fat pad weight)] (21) was calculated. Body mass index (body mass index ϭ body weight/squared body length) (17) was also determined. Noninvasive assessment of body fat composition was performed using a whole-body nuclear magnetic resonance (NMR) spectroscopy live-mouse analyzer (44) (Bruker Optics, Woodland, Tex.).
Western blot analysis. Mesenteric fat pads, liver, and muscle were homogenized in 3 volumes of RIPA buffer (1ϫ phosphate-buffered saline, 1% Igepal, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing protease inhibitors. Protein concentrations were determined by the Bradford assay. Blots were probed with PTEN, glycogen synthase kinase 3␣/␤ (GSK3␣/␤), FOXO, phospho-AKT (Ser473), phospho-GSK3␣/␤, phospho-FOXO, and phospho-AMP kinase antibodies from Cell Signaling (Beverly, Mass.), insulin receptor ␤ (IR-␤), IRS 1 and IRS 2 from Upstate Biotech, and GLUT4 antibody from Calbiochem (San Diego, Calif.). The same membranes were probed with ␤-actin from Sigma-Aldrich (St. Louis, Mo.) as loading controls. Densitometry of the specific protein bands was performed by VersaDoc imaging system and Quantity One software (Bio-Rad Laboratories).
Immunohistochemistry. Briefly, animals were euthanized with an overdose of inhaled isofluorane followed by cervical dislocation. Tissues were dissected and fixed in formalin overnight. Formalin-fixed tissues were sectioned and used for immunohistochemistry and immunofluorescence studies according to a standard antigen retrieval method using citric buffer (pH 6.0). Antibodies against PTEN (26H9) and phospho-AKT (Ser473) (Cell Signaling Technology), GLUT4 (Calbiochem), and insulin were used for the analysis. Insulin and PTEN were detected with secondary antibody conjugated to horseradish peroxidase, followed by the addition of a chromogen substrate. Detection of GLUT4 and P-AKT on the plasma membrane was further amplified with TSA Cye3 fluorescence systems (Perkin Elmer, Boston, Mass.) after addition of secondary antibodies. Sections were counterstained with hematoxylin and DAPI (4Ј,6Ј-diamidino-2-phenylindole) for immunohistochemistry and immunofluorescence, respectively.
Insulin signaling in vivo. After overnight fasting, mice were injected i.p. with insulin at 2 U/kg of body weight in saline with 0.1% bovine serum albumin or a vehicle control (23) . At 5 min postinjection, animals were sacrificed and the mesenteric fat pads and right quadriceps muscles were quickly dissected, flash-frozen in liquid N 2 , and stored at Ϫ80°C until Western blot analysis was performed.
Subcellular fractionation of GLUT4 compartments. Plasma membrane (PM) and low-density microsome (LDM) fractions from adipose tissue and skeletal muscle were obtained by differential ultracentrifugation procedures (68) . Briefly, for adipose tissue, 1 g of mesenteric adipose was homogenized in 30 ml of ice-cold sucrose buffer (250 mM sucrose, 20 mM HEPES-Tris, 1 mM EDTA, 100 M phenylmethylsulfonyl fluoride, pH 7.4), crushed on dry ice, homogenized using a Polytron device (setting 3; 30 s), and then subjected to 15 strokes of homogenization in a glass Teflon pestle. After centrifugation (16,000 ϫ g for 30 min at 4°C), the top fat layer was discarded and the pellet was saved for preparation of the PM-enriched fraction. The supernatant was centrifuged (48,000 ϫ g for 30 min at 4°C), and the resulting supernatant was centrifuged again (250,000 ϫ g for 30 min at 4°C) to yield the pelleted LDM-enriched fraction. The initial pellet was resuspended in 2 ml of the sucrose buffer, applied to a 1.12 M sucrose cushion (20 mM HEPES ⅐ Tris and 1 mM EDTA, pH 7.4), and centrifuged (100,000 ϫ g for 60 min at 4°C) to obtain the interface, which was resuspended in 10 ml of the sucrose buffer and centrifuged (48,000 ϫ g for 30 min at 4°C) to obtain the pellet containing PM.
For fractionation of skeletal muscle, 1 g of flash-frozen quadriceps tissue was thawed in 30 ml of ice-cold sucrose buffer, minced with scissors, and homogenized with a Polytron device (setting 3; 30 s). This homogenate was filtered through two layers of cheesecloth to remove residual connective tissue and centrifuged (3,000 ϫ g for 10 min at 4°C). The pellet was saved for preparation of the PM-enriched fraction. The supernatant was centrifuged (48,000 ϫ g for 30 min at 4°C), and the resulting supernatant was further subjected to a second centrifugation (250,000 ϫ g for 1 h at 4°C) to yield the final LDM subfraction. The original saved pellet was resuspended in 10 mM Tris ⅐ HCl (pH 8.0) and centrifuged again. The resulting pellet was washed twice, resuspended in 10 mM Tris ⅐ HCl (ratio of 30 ml to 1 g [wt/vol] of the original skeletal muscle), and homogenized using a Teflon pestle. The suspension was transferred to a glass beaker, a 9-by 25-mm-diameter Teflon-coated magnet was added to the beaker, and the beaker was covered with Parafilm and stored at 4°C for 16 h. Thereafter, 50 mM lithium bromide (LiBr; 200 l/10 ml of the suspension) was added to the beaker and magnetically stirred (setting 3; 2.5 h) to extract all contractile elements. The LiBr-treated suspension was transferred to a centrifuge tube, diluted in 20 ml of 10 mM Tris ⅐ HCl, and centrifuged (10,000 ϫ g for 10 min at 4°C). The pellet was resuspended in 10 ml of the 10 mM Tris ⅐ HCl and centrifuged (6,000 ϫ g for 10 min at 4°C). The pellet obtained was resuspended in 25% potassium bromide (KBr; 15 ml per 1 g [wt/vol] of muscle), followed by centrifugation (10,000 ϫ g for 30 min at 4°C). The KBr-treated pellet was washed once with 250 mM sucrose buffer and was recentrifuged (17,000 ϫ g for 20 min at 4°C) to obtain the final PM-enriched pellet. All final tissue subfractions were resuspended in 500 l of sucrose buffer and stored at Ϫ80°C until Western blot analysis was performed. We monitored LDM for potential contamination with PM using a PM marker, p21 ras . STZ-induced diabetes. Three-month-old male mice were injected i.p. with multiple subdiabetogenic doses of streptozotocin (STZ) (36, 48) (50 mg of streptozotocin per kg of body weight daily for five consecutive days; Sigma). Animals were tested for the development of diabetes (defined as persistent blood glucose level of Ͼ180 mg/dl and random blood glucose of Ͼ300 mg/dl in fasting mice) beginning 7 days after the initial injection. Resistance to the development of diabetes was defined as failure to meet these criteria by 21 days after the STZ injection.
Statistical analysis. All data are presented as means Ϯ standard errors of the means (SEM). All data were subjected to analysis with multivariate analysis of variance using Statsdirect. A HOC test was conducted whenever differences were noticed by using the Newman-Keuls multiple-comparison test, with a P of Յ0.05 being considered statistically significant. Differences between two groups were VOL. 25, 2005 INSULIN HYPERSENSITIVITY AND RESISTANCE TO DIABETESanalyzed by Student's t test, with two-tailed P values of less than 0.05 being considered statistically significant.
RESULTS
Targeted deletion of Pten is adipose tissue specific. Adipose tissue-specific inactivation of Pten was achieved by breeding Pten loxP/loxP aP2-Cre Ϫ/Ϫ mice (control) with aP2-Cre transgenic mice (1) . PCR analysis of genomic DNA isolated from different tissues of Pten loxP/loxP aP2-Cre ϩ mice (mutant) confirmed efficient adipose tissue-specific Pten deletion, as indicated by the loss of loxP bands and the presence of the exon 5 deletion (⌬5) band (34) in both white (WAT) and brown (BAT) adipose tissue (Fig. 1A) . Skin, the only other tissue in which the Pten deletion was detected, was most likely due to the presence of sebaceous glands and subcutaneous fatty tissues. Western blot analyses were performed on mesenteric fat pad protein lysates from four knockout mice; all showed a Ͼ70% reduction in the PTEN protein level (Fig. 1B) . The residual amount of PTEN observed in mutant adipose tissue lysate was likely due to contamination from cell types other than adipocytes. We further confirmed Pten deletion by immunohistochemical staining of paraffin-embedded adipose tissues with an anti-PTEN antibody (Fig. 1C, right panels) . Both nuclear and cytoplasmic staining of PTEN was observed in control tissue (Fig. 1C, top right panel) . No PTEN immunoreactivity could be detected in mutant adipocytes (Fig. 1C, bottom right panel) . Therefore, expression of aP2-Cre in adipose tissue led to efficient tissue-specific Pten deletion, resulting in a functional loss of PTEN protein.
Animals with adipose tissue-specific Pten deletion survived to adulthood with a normal Mendelian distribution (data not shown). Grossly mutant mice were phenotypically indistinguishable from their control and heterozygous littermates. Histological analysis of BAT (data not shown) and WAT revealed no gross morphological difference between controls and mutants (Fig. 1C, left panels) . The morphologies of other insulin target organs, such as skeletal muscle and liver, were also unaltered as a result of adipose tissue-specific Pten deletion (data not shown). Adipose tissue-specific Pten deletion led to increased insulin signaling in adipose tissue. We observed a 1.8-fold increase in P-AKT levels determined by Western blot analysis and enhanced P-AKT staining in the mutant adipose tissues compared to levels in controls (Fig. 2) . To further establish that the AKT pathway is activated, we determined the levels of phospho-GSK3 and FOXO, substrates of AKT kinase activity, in the adipose tissues. Compared to the adipose tissues of control animals, the Pten mutant adipose tissue exhibited 2.5-and 3-fold increases in phospho-GSK3␤ and phospho-FOXO1 levels, respectively. The level of phospho-FOXO3 level increased by as much as 11.6-fold in the mutant adipose tissue compared to levels in control animals ( Fig. 2A) . The FOXO family transcriptional factors have been shown to regulate energy metabolism synergistically with PGC-1, a key regulator of thermogenesis (54) . No difference was observed with upstream signaling molecules such as IR-␤ (Fig. 2A) . Thus, Pten adiposespecific deletion leads to activation of the PI3K/AKT pathway without perturbing their upstream signaling molecules.
Adipose tissue-specific Pten deletion does not alter body fat content or lipid metabolism. Contrary to what we had expected, the increase in insulin signaling in adipose tissues of Pten mutant mice did not lead to increases in adipose tissue mass. Figure 3A shows that no changes in body weight can be detected in the mutant mice. Gross fat pad dissection revealed no difference in individual fat pad weights, total fat pad weights, adiposity indices (21), and body mass indices (17) between control and mutant animals (Fig. 3B , left panel, and Table 1 ). When measured by NMR spectroscopy, no significant difference in body fat content was noted between the genotypes, although Pten mutants demonstrated a trend towards a higher body adiposity level (13.8% Ϯ 1.7% and 11.9% Ϯ 1.3% for mutant and control mice, respectively; P ϭ 0.43) (Fig. 3B, right panel) . The absence of a difference in total body fat content was reflected by a similarity in plasma leptin concentrations (3.02 Ϯ 0.52 and 2.75 Ϯ 0.39 ng/ml in control and mutant mice, respectively) (Fig. 3C, left panel) and adiponec- tin concentrations (56.3 Ϯ 3.9 in controls versus 60.5 Ϯ 9.8 g/ ml in mutant mice) (Fig. 3C, right panel) . Additionally, between fasting control and mutant animals, serum triglyceride levels (85.05 Ϯ 3.19 and 83.16 Ϯ 7.77 mg/dl, respectively; P ϭ 0.41) (Fig. 3D, left panel) and NEFA levels (1.09 Ϯ 0.09 and 1.23 Ϯ 0.05 mEq/liter, respectively; P ϭ 0.22) (Fig. 3D, right  panel) did not differ.
Pten mutant mice exhibit enhanced glucose tolerance and insulin sensitivity. During the i.p. glucose tolerance test (GTT), Pten mutant mice showed a blunted elevation of blood glucose compared to levels in controls (Fig. 4A, left panel) . The mean peak increase in blood glucose (normalized as a percentage of the initial level) of mutant mice was 19% lower than that of controls (323% Ϯ 13% versus 399% Ϯ 32%; P Յ 0.05). If we extrapolate from the GTT curve, mutants are expected to return to the baseline glucose level at 131 Ϯ 10 min, compared to 173 Ϯ 21 min for the controls (P Յ 0.05). Mutant animals were also more sensitive to insulin challenge (insulin tolerance test [ITT]), experiencing 24% lower blood glucose (normalized as a percentage of the initial level) at 60 min postinjection (19% Ϯ 2% in mutant mice versus 25% Ϯ 2% in control mice; P Յ 0.05) (Fig. 4A, right panel) . At this time point, all mutants
FIG. 4. Metabolic indices and glucose and insulin tolerance tests. (A) Intraperitoneal GTT indicated that
Pten mutant mice (Mut) (n ϭ 12) were more tolerant of glucose challenge than controls (Con) (n ϭ 11). ITT revealed that mutant mice (n ϭ 13) were more sensitive to insulin challenge than controls (n ϭ 12) and became seriously hypoglycemic (arrows). Data are normalized as percentages of initial blood glucose levels in fasting mice. (B) Blood glucose concentrations in fasting mice (12 control mice; 12 mutant mice) and plasma insulin levels and glucose/insulin ratios in fasting mice (there were 14 mice of each genotype for each assay). Data are presented as means Ϯ SEM. *, P Յ 0.05. showed overt signs of hypoglycemia, and 8 of the 13 animals studied could not be rescued by glucose administration (Fig.  4A) . The insulin resistance index calculated from the area under curve (AUC) in GTTs and ITTs was 1.9-fold lower for mutants than for controls (1.20 Ϯ 0.20 versus 2.11 Ϯ 0.48; P Յ 0.05) ( Table 2) . Pten mutant mice did not exhibit significant fasting hypoglycemia, (68 Ϯ 4 versus 75 Ϯ 6 mg/dl for mutant versus control mice) (Fig. 4B, left panel) . Interestingly, we observed that fasting mutants had a 2.1-fold decrease in plasma insulin levels compared to levels in controls (0.17 Ϯ 0.02 versus 0.36 Ϯ 0.01 ng/ml, respectively; P Ͻ 0.001) (Fig. 4B , right panel), indicating increased insulin sensitivity. Deletion of Pten in adipose tissue leads to decreased resistin levels and increased insulin signals in the liver. To determine whether Pten deletion in adipose tissue might lead to changes in the hormonal factors involved in metabolism, we measured the circulating levels of various adipocytokines. Similar to leptin and adiponectin levels, levels of TNF-␣ and IL-6 did not change significantly (data not shown). Interestingly, we observed 36%-lower serum resistin concentrations in mutant mice (19.8 Ϯ 3.4 ng/ml in mutant mice versus 30.9 Ϯ 2.1 ng/ml in control mice; P Յ 0.05) (Fig. 5A, left panel) as well as a marked reduction of white adipose tissue resistin protein levels in the mutant mice compared to levels in the control mice (Fig.  4A, lower panel) .
Resistin is an adipocytokine released by adipocytes to act on hepatocytes, adipocytes, and myocytes to regulate glucose metabolism. It is not clear how resistin may signal in these cells, since a receptor for resistin has not been identified. One of the signaling molecules regulated by resistin is postulated to be AMP kinase. Down-regulation of AMP kinase was observed in mice overexpressing resistin (55) . To determine whether deleting Pten in adipose tissue led to insulin and AMP kinase signaling changes in the liver, we measured molecules involved in insulin signaling as well as AMP kinase activation/phosphorylation status. In the liver, insulin signaling is significantly enhanced in mutant animals regardless of insulin stimulation (Fig. 4B) . A moderate but significant increase in P-AMP kinase levels was also observed in the mutants compared to levels in the controls (Fig. 5B) . Collectively, Pten deletion in adipose tissues leads to reduced serum insulin and resistin levels that may synergistically control insulin sensitivity and AMPK activity in the liver.
Adipose tissue-specific Pten deletion leads to recruitment of GLUT4 to the cell surfaces of adipocytes and skeletal muscle cells. In order to understand how Pten deletion in adipose tissue led to improved insulin sensitivity, we treated control and mutant animals with insulin for 5 min and observed the insulin-stimulated transportation of GLUT4 in muscle and adipose tissue, two of the initial responding organs. At the basal stage, total and PM and LDM compartment-associated GLUT4 levels were all higher in the mutant adipose tissue than in the control tissues (Fig. 6A) . Strikingly, the level of the membrane fraction of GLUT4 was six times higher in the mutant than in the control adipose tissues (Fig. 6A, lanes PM) . In contrast, the mutant muscle had threefold-lower GLUT4 levels on the PM than that in the control animals (Fig. 6B) . These results suggest that the muscle and adipose tissues respond reciprocally to maintain euglycemia in the animals at steady state. Upon insulin stimulation, a threefold increase in GLUT4 level was observed in the mutant adipose tissue PM compartment, similar to what occurred in the control animals (Fig. 6A) . In the muscle, we observed a sixfold insulin stimulation in mutant mice, higher than the fourfold stimulation of PM GLUT4 localization seen in the control animals (Fig. 6B) . Together, these data suggest that insulin signaling in muscle and adipose tissue are closely linked and need to be considered together. As a control for subcellular fractionation, we probed the same blots with anti-p21 ras antibody, a known PM-enriched protein. The signals for p21 ras in the LDM fraction (optical density per milligram of membrane protein) were 35 and 30% of those in the PM of adipose tissue and skeletal muscle, respectively (data not shown), indicating limited cross-contamination of internal membranes with PM in both tissues.
Adipose tissue-specific Pten deletion protects mice from developing streptozotocin-induced diabetes. To determine whether the insulin hypersensitivity demonstrated by Pten mutant mice could compensate for hyperglycemia induced in metabolic syndromes, we induced hyperglycemia in control and mutant animals by STZ treatment. Animals were treated daily with low-dose STZ (50 mg/kg). The effectiveness of STZ treatment at achieving an only partial loss of ␤-cells was confirmed at 21 days postinjection by an approximately 40% decrease in plasma insulin levels in fasting mice (Fig. 7A, left panel) and an increased glucose/insulin ratio (Fig. 7A, right panel) in both control and mutant groups. Histological and immunohistochemical evaluation of pancreatic islets of Langerhans cells revealed similar levels of atrophy and markedly decreased insulin immunoreactivity in STZ-treated controls and mutants, compared to levels in normal islets seen in vehicle-treated animals (Fig. 7B) . This result suggests that Pten adipose tissuespecific deletion has no effect on the response of ␤ cells to chemically induced injuries. However, while all STZ-treated control mice developed clinical and metabolic signs of diabetes by 14 days postinjection, as indicated by elevated blood glucose levels (Fig. 7C, left) , mutant mice maintained normal glycemia and remained resistant to the development of hyperglycemia (Fig. 7C, left panel) . While both control and mutant animals experienced an approximately 40% decrease in insulin levels (40% for control and 38% for mutant mice), the mutant animals maintained improved responsiveness to glucose challenge with a downshifted GTT curve compared to that of the controls (Fig. 7C, right panel) . Neither the control nor mutant mice injected with vehicle alone developed hyperglycemia (data not shown).
DISCUSSION
This study was designed to ascertain the in vivo relationship between loss of Pten in adipose tissue and insulin sensitivity. Impaired insulin sensitivity is a key pathogenic feature of T2DM, and deciphering the molecular mechanisms involved in insulin signaling is of high clinical relevance. Adipose tissue plays a critical role in the development of insulin resistance via secretion of NEFA and adipocytokines. Emerging biochemical and genetic evidence suggests that insulin resistance can potentially be treated via modulation of the PI3K/AKT pathway by targeting its up-or downstream modulators (28) . IR and PI3K have intrinsic kinase activities, and both protein tyrosine phosphatases (14) and lipid phosphatases (12) negatively regulate insulin signaling and insulin sensitivity in vivo. Here, we created a novel mouse model to study the physiological relevance of the phosphatase PTEN in insulin signaling.
In this study, we observed that disrupting the Pten gene in aP2-expressing cells led to increased insulin sensitivity and better glucose tolerance. This increased insulin sensitivity paralleled a decrease in circulating insulin and resistin levels, with no significant differences in body weight and fat storage. Our data also suggest that the decreased insulin and resistin levels may signal the liver to respond by increasing AMP kinase activity and insulin signaling, respectively.
PTEN and adipose tissue. It has been suggested that endogenous PTEN plays a limited role in the regulation of adipocyte glucose transport (43, 49) . However, in vitro study demonstrated that overexpression of PTEN significantly inhibited insulin-induced GLUT4 translocation and glucose uptake in adipocytes (45) . Our in vivo study strongly suggests that negative regulators of the PI3K/AKT pathway, such as PTEN, are critical for modulating insulin sensitivity in adipose tissues. Adipose tissue-specific Pten deletion leads to improved systemic glucose tolerance and insulin sensitivity, associated with decreased insulin levels in fasting mice, increased recruitment of GLUT4 in adipose tissue, and decreased serum resistin levels.
Our Pten knockout mice exhibit physiologic and metabolic features similar to those of PTP-1B knockout mice and SHIP2 heterozygous knockout mice (12, 14) . PTP-1B mutant mice show enhanced insulin sensitivity, as evidenced by their lower blood glucose and insulin concentrations and improved performance as determined by GTT and ITT. The function of SHIP2 parallels that of PTEN in that it acts as a lipid phosphatase and dephosphorylates PIP 3 to PIP 2 (3) . Although the results of Ship2 deletion may be complicated by the parallel deletion of Phox2 (11), mice with this mutation also display VOL. 25, 2005 INSULIN HYPERSENSITIVITY AND RESISTANCE TO DIABETESimproved glucose tolerance and insulin sensitivity, associated with increased AKT activity and the recruitment of GLUT4 in skeletal muscle, phenotypes consistent with deletion of a PIP 3 phosphatase, which is similar to our findings (12) . Improved insulin sensitivity and decreased fasting insulin levels seem to be common phenotypes in phosphatase-deficient mice. The 2.1-fold reduction in plasma insulin concentrations in fasting Pten mutant mice is similar to the phenotypes observed in PTP-1B and Ship2 mice as well as in adiponectin-expressing cell Pten deletion mice (32) . Systemic treatment with PTEN antisense oligonucleotide also dramatically reduced insulin concentrations in ob/ob mice (8) . This relative hypoinsulinemia indicates that the Pten mutants are insulin hypersensitive and therefore require less systemic insulin to maintain euglycemia. This observation may also explain why Pten mutant mice are protected from developing STZinduced diabetes. Additionally, systemic injection of PTEN antisense oligonucleotide leads to increased insulin-stimulated AKT phosphorylation in murine hepatocytes, normalized blood glucose concentrations in ob/ob mice, and an improved performance of db/db mice upon ITT (8) . We suspect that crossing our Pten mutant mice with ob/ob or db/db mice may prevent or attenuate the development of insulin resistance and hyperglycemia in offspring.
PTEN and GLUT4 translocation. At the basal and insulinstimulated stages, Pten mutant mice displayed increased GLUT4 levels in adipocyte PMs compared to levels in controls. This finding is consistent with the increased basal and insulin-stimulated GLUT4 translocation seen in 3T3-L1 adipocytes when they are microinjected with an anti-PTEN antibody (45) . Interestingly, Pten mutants have reduced levels of PM-associated GLUT4 in skeletal muscle in the basal state, with a normal response to insulin stimulation. This reciprocal response of muscle might explain why a moderate improvement in glucose-tolerant insulin sensitivity is observed during GTT or ITT even though insulin levels are significantly lower in fasting Pten mutant mice.
Our data are complementary to those showing that downregulation of GLUT4 protein in adipose tissue in G4A Ϫ/Ϫ mice leads to insulin resistance (1) . Increased GLUT4 levels in Pten null adipose tissue may also explain why mutant mice demonstrate insulin hypersensitivity and are protected from developing STZ-induced diabetes. This notion is supported by the previous report indicating that selective overexpression of GLUT4 in adipose tissue alleviates insulin resistance in STZdiabetic mice (69) .
Resistin expression is modulated by murine PTEN in vivo. A more likely explanation for the insulin hypersensitivity observed in the Pten mutants is the significantly decreased expression of the adipocyte-derived protein resistin. Resistin is a secretory protein that plays a key role in the development of insulin resistance in vivo (61) and is regulated by a variety of hormones and mediators, including insulin (15, 16, 25, 57, 72) . The phenotype of the resistin knockout mouse implicates resistin in regulating normal glucose homeostasis (4) . In the present study, we show that the loss of adipocyte PTEN results in decreased resistin protein expression and reduced circulating resistin levels. These findings complement previous studies of 3T3-L1 adipocytes, in which resistin expression is markedly suppressed by overexpression of PI3K and AKT (59). Conversely, overexpression of both wild-type and myristoylated PTEN induces a significant increase in resistin (59) .
The major effect of resistin deficiency on systemic glucose metabolism is believed to be impairment of hepatic gluconeogenesis (4). However, resistin has also been shown to impair glucose transport in cultured adipocytes (61, 75) and myocytes (42, 53) . In muscle, resistin, or factors regulated by resistin, suppress insulin-stimulated glucose metabolism (42) . Our results suggest that up-regulation of AMP kinase activity as a result of reduced resistin levels in Pten mutant animals may be one of the mechanisms by which liver (and skeletal muscle) responded to adipose tissue Pten deletion. Chronic overexpression of resistin has been shown to down-regulate AMP kinase activities in not only liver, but also muscle and adipose tissue (55) .
The phosphatase studies, including the PTP-1B, Ship2, and Pten deletion studies have highlighted the importance of energy balance and thermogenesis in glucose homeostasis. AMP kinase, which converts AMP to ATP, is the key enzymes involved in energy metabolism. We have provided a mechanism by which these phosphatases may affect energy balance not only locally but also systemically. Although the precise mechanism is currently not clear, our results further confirm that the PI3K/AKT cascade is responsible, at least in part, for the negative regulation of resistin expression in the murine model. The effects of this lowered resistin on liver may partially explain the insulin sensitivity phenotype observed in Pten mutant mice.
Nonessential role of PTEN in adipose tissue development and maintenance. Animal growth, adiposity, and plasma triglyceride and fatty acid levels are unaffected by Pten deletion in adipose tissue. This finding is surprising because it has previously been shown that tissue-specific Pten loss leads to cell proliferation, increased cell size, and organomegaly in brain, heart, thymus, liver, endometrium, prostate, and skin (22, 33, 62, 64, 65, 71, 76) , suggesting that PTEN may control cell growth in a tissue-or lineage-specific manner. Moreover, it is well known that insulin signaling in adipose tissue plays an important role in lipid storage, as has been demonstrated for mice with a fat-specific deletion of the insulin receptor gene (6). Our observations, however, correlate with the normal growth and adipose deposition seen in G4A Ϫ/Ϫ mice, despite their markedly impaired levels of adipocyte insulin-stimulated glucose uptake (1) .
While this paper was under review, Komazawa et al. described phenotypes associated with Pten adipose tissue-specific deletion (32) . Although using a different Cre line, their observation and conclusion are not significantly different from ours, except with regard to body weight and fat storage. Komazawa et al. demonstrated decreased body weight and fat storage (32), while we did not observe any significant change. This discrepancy may be due to differentially regulated, either temporally or spatially, Cre transgene expression by two independent promoters. The study of Komazawa et al., however, supported our findings that PTEN deficiency does not increase body adiposity, possibly due to the increased energy metabolism shown by Komazawa et al. (32) . Nonetheless, both studies suggest that PTEN function in adipose tissue is critical for insulin sensitivity.
While there may be species-specific differences in the roles that PTEN and resistin play in metabolic regulation, it is worth noting that a patient with Cowden disease, resulting from a heterozygous PTEN germ line mutation leading to reduced PTEN activity, exhibited insulin hypersensitivity during a euglycemic hyperinsulinemic clamp test (27) . Mutations of the AKT2 gene, a downstream signaling molecule of PTEN, have been mapped in a pedigree of familial diabetes patients (20) . Additionally, epidemiological studies provide evidence suggesting an interaction between resistin polymorphisms and the effect of obesity on the risk of insulin resistance and T2DM in certain populations (38, 40, 51, 58, 67, 70) . Our Pten knockout mouse model will be useful for further exploring the mechanisms by which insulin signaling in adipose tissue regulates systemic insulin sensitivity.
